155

Basics of superconductivity and
applications

(Part 1)

M. Marchevsky,
Lawrence Berkeley National Laboratory

M. Marchevsky USPAQ022



M
1515 Credits and thanks

The material othis course is largely based upon:

A S.Prestemorand SGourlayéBasics ofi dzLJIS N2 Y RdzOUA @A Geé¢ o' yAld o 27F ! {
A A.Gureviclt Genéral aspects @f dzLJS NDO 2 y RORDSRF Warks@op, Bajjing, China, Oc20a7)

A V. V.Scmidt The Physics of Superconductors (Springer, 1997)
A M. TinkhanE G LYUNRPRdAzOGAZ2Y (2 { dzLISNOD2YRdAzOGAQGAGE@E O mdy n

A An excellent video course from Univ. of Cambridge:
Lectures on Superconductividyntroduction (cam.ac.uk)
https://www.ascg.msm.cam.ac.uk/lectures/introduction.html
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A Discovery osuperconductivity
A Basic phenomenology of superconductors and characteristic lengths

A Microscopiaheory of superconductivity
Part2

A Type | and Type Il superconductors
A Phenomenology of typd superconductorsiux lines pinning,flux flow, critical state

A Practicakcalingfor technological superconductors
A Summaryon applicatiors
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Helium liguefaction opened up a new era in ceeeed]

EEEEEEEEEEE

condensed matter physics

Helium liquefier built in Leiden in 1908
produced~0.28 liters/hour

A
A
A
A
A

A

(summaryby SPresetmoi

Faraday(~ 1820 aemonstratesan ability to liquify gasesby first
coolingwith a bath of ether and dry ice, followed by pressurization
He was unable to liquify oxygen, hydrogen, nitrogen, carbon
monoxide methang and nitric oxide

Thenoblegaseshelium,argon,neon, krypton andxenonhad not yet
beendiscoveredmanyof theseare critical cryogenidluids today)

In 1848LordKelvindeterminedthe existenceof absolutezera
0K=-273C(=-459F)

In 1877 LouisCaillettet(France)and RaouiPierrePictet (Switzerland)
succeedn liquifyingair

In 1883VonWroblewski(Cracow)succeedsn liguifyingoxygen

In 1898 JamesDewarsucceededn liquifying hydrogen (~20 K!); he
then went onto freezehydrogen(14 K).

Heliumremainedelusive it wasfirst discoveredin the spectrumof
the sun In 1908H. KamerlinghOnnessucceededn liquifying Helium
(4.2K)
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L Resistivity of metals

Copper resistivity
Resistivityin a conductor stems from the scattering of " }_jl [ [T~ {/’_7
electronsoff thermallyactivatedions £ j _.TTP*E"'””P*‘*“ | / L7
u_f; RAR = 1D A y+ —
Resistancetherefore, goesdown asthe temperature decreases = ol . PR R
(from the high-temperature regime in which © ¢ T to a low- - - LI‘_— — // —
temperatureregimein which” ¢ T°) E b < I—
Thedecreasein resistancein normal metalsreachesa minimum = AV e 108 am
dueto the presenceof irregularitiesand impuritiesin the lattice, S Ly ]
hencethe conceptof RRR(ResidualResistivityRatio) RRRis a = 109lapa 20bg =5 10" ik
rough measure of electron scatterers (dislocations and = | ' < A+
impurities)in ametal. PSOTS S -
4 10 100 300
T \" [Or/T n TEMPERATURE, K
p(T) = A(@—R) fu (& — 1)1 E_f}dt In 1911 several theories (by Debye, Einstein,
Matthieson etc) co-existed describing the
(Blochg Gruneisen 1930) resistivity behavior of metal close to absolute

zera The successful liguefaction of Helium
allowedverifyingthosetheoriesfor the first time.
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155 Discovery of superconductivity

The resistivity of a superconductor is truly ZERO, accurs

2 to 102Wm. (Purest copper at 4.2 K+01*Wm)
z 0.020
: Hg ,
2 oo . L7 Aoosw
6—0-0—0— PtBE
ﬂn_ /Au{m}
oo10—=
/\ 1 %.005 %)
0005 / Au 1)
/ o
0000 10" TS 20°
Figure 1. Heike Kamerlingh Onnes (right) and Gerrit Flim, his chief technician, at the helium liquefier in Kamerlingh A Zero reS|Stan ce State |
Onnes’s Leiden laboratory, circa 1911.
. : Figure 2. A terse entry for 8 April H K Onnes Commun. PhyS Lab 12, 120, (1911)
- vl 1911 in Heike Kamerlingh Onnes'’s
Aorbest notebook 56 records the first ob- . .
138 oo aepe o ully servation of superconductiviy. The https://doi.org/10.1016/].physc.2012.02.046

highlighted Dutch sentence Kwik
nagenoeg nul means “Mercury[’s re-

st iy sisancel practically zero ot 31 (g Wttps://physicstoday.scitation.org/doi/10.1063/1.3490499

; The very next sentence, Herhaald
i S—— met goud, means “repeated with H
== gold” (Courtesy of the Boerhaave Dlrk van DeIftPeterKes(ZOlO)

Museum.)
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155 Superconductor in a magnetic field

' X100,000 Gausscouldthen be obtainedby a coil of say30 centimeterdan diameterand the coolingwith heliumwouldrequirea plant whichcouldbe
realizedn Leidenwith a relativelymodestsuppori'

Third International Congress of Refrigeration, Chicago Sept 1913d2l'fl X

a | a degtidnsof wire solderedtogetherto form atotal length of 1.75 meters,a
coil consistingof some300windings,eachwith a crosssectionof 1/ 70 mm?, and
insulatedfrom one anotherwith silk, waswoundarounda glasscore. Whereasin
a straighttin wire the thresholdcurrentwas8 A, in the caseof the coil, it wasjust
1 A. Unfortunately,the disastrouseffect of a magneticfield on superconductivity
wasrapidlyrevealed Superconductivitylisappearedvhenfield reached60 mTE

H. Kamerlingl©onnes KNAW Proceedindgs Il, (1914), 98 Comm.139f.

g THC(O) AtemperatureR S LISY RSy & HINA G 7
o exists:
Lead wire wound coil © H.(T) =H,0)[1¢ (T/TC)Z]
Leiden, 1912 o] .
g - empirical dependence
H.  Kamerlingh Onnes & ¢ K Sudden Tg
disappearancef the ordinaryresistanceof tin, Temperature
and the supraconductive state of f SI R€ X L o
Commun133d (1913 Magnetic field destroys superconductivity!
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L Maxwel | 0s equati o

V- -FEF = B 1 Theflux of the electricfield out of an arbitrary closedsurfaceis
Gauss’ law | .
€ proportionalto the electricchargeenclosedby the surface
V-B = 0 al AySGAO FASER f AyrBagnetic Gdabbléso hoNRistzy R
E o 88 Faradav’'s law dB/dt induces voltage (and so in conductors that
V X — at y generates electric current)
— 8E Ampere’s law Moving charges generate
VxB = poJ+ poco—- 57 (corrected by Maxwell) magnetic feld
o = 4w x 1077 N/A? Permeability of free space
—12 2 2 e .
€0 = 8.85x10 C?/(Nm*) Permittivity of free space
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a. The gradient of a scalar-valued function f(z,y, z) is the vector field

af . af . of .
df=Vf=— — —k
grad f f am:—l—ayj—i-az
Note that the input, £, for the gradient is a scalar-valued function, while the
output, V£, is a vector-valued function.

b. The divergence of a vector field F(z,y, z) is the scalar-valued function

dF
dvF =V .-F =
iv a7 +

aF,
dy

Note that the input, F, for the divergence is a vector-valued function, while
the output, V - F, is a scalar-valued function.

N 2] 3
oz

Differential operators

c. The curl of a vector field F(z, y, z) is the vector field

curlF:?xF:(%—%)i—(%—%)j+(%—%)ﬁ

Note that the input, F, for the curl is a vector-valued function, and the
output, V x F, is a again a vector-valued function.

d. The Laplacian? of a scalar-valued function f(z,y, z) is the scalar-valued

function

a’f  8f o2
af=v2f=v-vf=am’;+&yf ﬂz;t

The Laplacian of a vector field F(z, v, z) is the vector field

2 2 2
AF-VF_-v.yp_2F  OF OF
dz? M2 dz?

Note that the Laplacian maps either a scalar-valued function to a scalar-
valued function, or a vector-valued function to a vector-valued function.
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Intermediate state e
AOLYUSNNYSRAIFIUS a

dB/dt | F If fleld IS applled to the Ordlnary Table 1.2. The demagnetizing factor n for various geometries
: dB/dt=0  conductor,it would penetrate it Sample geometry T

I I i ~ Cylinder in parallel fie 0 H
v v SIOWIy’ Wlth a relaxatlon tlme t C;linder in Frar?izgrgelf?eld ?/2 Hm f— 0 -
L/R (->Hbfor anidealconductor,so Sphere | 173 L—mn
) ) hin plate in perpendicular field 1
</‘\> the field will neverpenetrate) T
1| €@ But if aAi RS2y RdzO ik € uperconducting regionst=0
& U dzN& 6 d&rhile the magnetic © ormal regionsH=H,
S field is already present, field lines
\4 N . .
§ g would just stayin the conductor J\ f } { !
a)
Hy d
d WA //:‘ WI’I\ //V
° 0 777 /22
° b duct |
1 uperconductor expels |
(o} o A N
. @ <H. magnetic flux!
o o
Fig. 1.7. Superconducting and normal regions in a tin sphere [15]. Shaded region:
o o Fig. 1.5. Superconducting sphere in the homogeneous field are superconducting
of a solenoid; I — the winding of the solenoid, 2 — the su- Normal I‘egion sizd. would adjust to provide a
oy v © perconducting sphere n-
correct value of the field.
W. Meissner and R. Ochsenfeld (1933) MeshkovskiiShalnikoy1947)

M. Marchevsky USPAQ022



ma L
L5 Magnetization of a superconductor

The magnetic inductiof] and the magnetic fielgj in the material areelated with Sl unit oBis Tesla

eachotheras:| * 5 4 ,where! isthe magnetic moment per unilume  S!unitotis A/m | -
s One often used MTto define H, as it is
(magnetizatio. 1 - a more practical unit.

.30 5 - (@ .)T ,..-magnetic susceptibility

In thancased ( NBzS§j *

A

0 A Magnetic field outside of a superconductor is always
tangential to its surface

Q #| =0t Componentof Bnormalto the surfacemustbe
L_' equal on both sidesof that surface As inside
0 the superconductoB =0, soin B=0
o s Q, Q'[ A Superconductor in an external field always carries an
B=0 or electric current near its surface
X =
<@ | O
1020 30 4
“ Oa CQ «a
o~ P
| B . = [ oq)
A Superconductor belo@;is an ideal diamagnetic... p
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